Combustion-synthesized Y-α-SiAlON and Ca-α-SiAlON powders were consolidated by spark plasma sintering (SPS) at 1300-1450 C for 10 min, and the mechanical properties of the consolidated bulk samples were investigated. XRD analysis revealed that α-SiAlON partially transforms into β-SiAlON during the SPS and a bulk mixture of α/β-SiAlON was obtained. The fraction of β-SiAlON increased with the increase in sintering temperature and the α to β transformation ratio was higher for Y-α-SiAlON than for Ca-α-SiAlON. The hardness of the consolidated bulk increased with sintering temperature, and after reaching a maximum at 1350 C, the hardness gradually decreased with temperature in both the Y-α-SiAlON and Ca-α-SiAlON. The increase in hardness with temperature arises from the increased density of the sintered body, while the decrease in hardness results from grain growth due to an increase in temperature. The fracture toughness tended to increase with temperature and did not show a maximum for either αor β-SiAlON, although the Y-α-SiAlON always exhibited a greater toughness than the Ca-α-SiAlON. The greater toughness of the Y-α-SiAlON is attributable to its higher fraction of transformed β-SiAlON, because the elongated shape of the β-SiAlON leads to the prevention of crack propagation.
Introduction
SiAlON has excellent mechanical properties and thermal and chemical stabilities, and is widely used for high-temperature structural materials in severe environments. [1] [2] [3] [4] SiAlON is a Si 3 N 4 -based ceramic, and there are two different phases of α and β, having chemical formulas of M x Si 12−(m+n) Al m+n O n N 16−n and Si 6−z Al z O z N 8−z , respectively, where M is a metallic element, and x, m, n and z are numerical values indicating the chemical composition. α-SiAlON is usually accompanied by a solution of a metal cation such as Li + , Ca 2+ , Mg 2+ or Y 3+ because of the stabilization of α-SiAlON. 4) In general, α-SiAlON has a greater hardness than β-SiAlON, while β-SiAlON has a greater fracture toughness due to its elongated grain morphology, which ef ciently prevents cracks from propagating. 5) SiAlON is usually produced from highly pure Si 3 N 4 , AlN and Al 2 O 3 by a reactive sintering process. 6) However, this production process is expensive and consumes large amounts of energy, because the highly pure raw materials are all expensive and the sintering at high temperatures and for long periods is energy-consuming. Recently, Yi et al. 7) have proposed an inexpensive process for the production of SiAlON powder from Si, Al and SiO 2 powders by combustion synthesis [CS or self-propagating high-temperature synthesis (SHS)] in a nitrogen atmosphere, and they consolidated the SiAlON powder by spark plasma sintering (SPS). The CS process consumes smaller amounts of energy because it is an exothermic reaction because of the large enthalpy of formation of the reaction product, and the reactant materials are available at low prices. Additionally, SPS is an energy-saving process of low-temperature and short-time sintering, and it is widely used for the consolidation of powders. 8, 9) Therefore, it is highly possible that this low-cost CS-SPS process would be widely used in the SiAlON production industry. Shen et al. 10) produced SiAlON from raw powders, such as Si 3 N 4 , by SPS, and they investigated the mechanical properties of the sintered SiAlON. However, little is known about the effects of SPS conditions on the mechanical properties of the sintered α-SiAlON powder. In this study, Y-α-SiAlON, Ca-α-SiAlON and β-SiAlON powders were consolidated by the SPS method, and the effects of sintering temperature and the three different compositions of SiAlON powders on the mechanical properties of the sintered samples were investigated.
Experimental Procedure
The starting powders used in this study were Y 0.4 Si 10. The graphite mold used for SPS was 30 mm in outer diameter, 10 mm in inner diameter and 30 mm in height. Each SiAlON powder was sintered in the mold under a pressure applied using a graphite punch 10 mm in diameter and 25 mm in height. During SPS, the temperature of the mold was measured using a radiation ther-mometer. The sintered samples were 10 mm in diameter and approximately 5 mm in thickness.
The X-ray diffraction analysis (XRD, Cu Kα) was conducted on the cross section of the sintered samples, and the reference intensity ratio method was used to determine the phase composition by a software X Pert HighScore Plus. The density of the sample was evaluated by the Archimedes method using pure water. The hardness and fracture toughness of the sample were also evaluated. To evaluate hardness, the Vickers hardness test was used with an applied load of 98 N. To evaluate fracture toughness (K IC ), the indentation fracture method was employed using the following equation:
where a and c are the half-length of the diagonal indentation and crack length, respectively; E is Young s modulus, and P is the applied load (98 N). A value of 300 MPa 11) was used as Young s modulus. The microstructure of the sample was investigated by eld emission-scanning electron microscopy (FE-SEM). The chemical compositions of the phases in the microstructures were de ned using a eld emission-electron probe micro analyzer (FE-EPMA).
Results and Discussion

Density and composition of the sintered samples
The effects of sintering temperature on the density and β-SiAlON fraction of the sintered samples are summarized in Table 1 . It can be seen in Table 1 that Y30 and Ca30 have the lowest density among the samples with the same starting composition because of the low sintering temperature of 1300 C. However, the effect of the sintering temperature on the density is not very strong when the temperature is higher than 1350 C. In other words, Y-and Ca-α-SiAlON powders can be fully sintered at temperatures higher than 1350 C.
The XRD analysis revealed that the β-SiAlON fraction increased owing to sintering for both the α-SiAlON powders, as shown in Table 1 . This result supports the report by Mandal et al. 12) , which described that α-SiAlON transformed to β-SiAlON in a post-sintering heat treatment at temperatures between 1100 and 1500 C. Additionally, it is also shown in Table 1 that the β-SiAlON fraction increased as the sintering temperature increased. Comparing the two α-SiAlON powders, the α to β transformation ratio is higher for Y-α-SiAlON than for Ca-α-SiAlON. This result agrees with the report by Hewett et al. 13) , which described that Ca-α-SiAlON showed thermal stability superior to α-SiAlONs with added rare-earth elements.
The density and β-SiAlON fraction of B45 and B-Y45 are also summarized in Table 1 . It can be con rmed that both the β-SiAlONs are fully sintered at 1450 C and have 100% β-SiAlON after SPS. Figure 2 shows the variation in the Vickers hardness of the samples as a function of sintering temperature. It can be seen in Fig. 2 that the hardness of the sintered sample increased with sintering temperature and, after reaching a maximum at 1350 C, the hardness gradually decreased with temperature in both Y-α-SiAlON and Ca-α-SiAlON. The increase in hardness from sintering temperatures of 1300 to 1350 C may originate from the increase in the density of the sintered body, while the decrease in hardness from 1350 to 1450 C results from grain growth and the decrease in α-SiAlON fraction due to high temperatures as described later. Compared with Y45, Ca45 and B45, B-Y45 has a much lower hardness, because B-Y45 has a glass phase produced from Y 2 O 3 added as a sintering agent. Figure 3 shows the variation of the fracture toughness of the samples as a function of sintering temperature. It is seen in Fig. 3 that the fracture toughness of both α-SiAlONs tends to increase with temperature and does not show a maximum. Importantly, Y-α-SiAlON always exhibits a greater toughness than Ca-α-SiAlON. The effects of β-phase fraction on the fracture toughness of the samples are shown in Fig. 4 . According to Fig. 4 , the fracture toughness of the sample increases with β-SiAlON fraction. This result suggests that the fraction of β-SiAlON transformed from α-SiAlON during the SPS was the important factor determining fracture toughness. However, in Fig. 3 , the fracture toughness values of B45 and B-Y45 with 100% β-SiAlON are lower than that of Y45. By comparing B45 and B-Y45, the fracture toughness was found to increase owing to the addition of the sintering agent. The microstructure of the sample was observed in detail, and factors controlling the fracture toughness are discussed in the following. Figure 5 shows FE-SEM micrographs of Y35 and Y45. It can be seen from comparison between Figs. 5 (a) and (b) that increase in sintering temperature from 1350 to 1450 C brought about grain growth. Figure 6 shows FE-SEM micrographs of the samples sintered at 1450 C. It can be seen in Figs. 6 (a) and (b) that microstructures of Y45 and Ca45 contain both equiaxed and elongated grains, and the FE-EPMA analysis revealed that both grain types were α-SiAlON and β-SiAlON, respectively. However, according to Figs. 6 (c) and (d), the microstructures of the samples made from β-SiAlON powders consist mostly of equiaxed grains. Shen et al. 10) described that fracture toughness increased with the formation of elongated grains. Moreover, Liu et al. 14) reported that elongated β-SiAlON grains transformed from α-SiAlON contributed to enhanced fracture toughness due to crack de ection and crack bridging mechanisms. Therefore, the main factor determining fracture toughness is the fraction of elongated β-SiAlON grains transformed from α-SiAlON during SPS. Figure 6 indicates that it is likely that the β-SiAlON transformed from α-SiAlON has elongated grains compared with the β-SiAlON consolidated from β-SiAlON powder. Furthermore, in Fig. 6 , the microstructure of B45 is ne compared with those of Y45 and Ca45, implying that the former has a greater hardness than the latter. However, as shown in Fig. 2 , these samples have almost the same hardness, because Y45 and Ca45 have some fraction of residual α-SiAlON, which is generally harder than β-SiAlON. Consequently, the α/β-SiAlON mixture consolidated from Y-α-SiAlON powder exhibited a greater hardness and a more improved fracture toughness than the β-SiAlON consolidated from β-SiAlON powder.
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Conclusions
The combustion-synthesized powders of Y-α-SiAlON (α-SiAlON fraction: 96%, geometric mean diameter: 0.5 μm), Ca-α-SiAlON (98%, 0.5 μm) and β-SiAlON (0%, 0.5 μm) were consolidated by SPS at 1300-1450 C for 10 min under a pressure of 50 MPa, and the effects of sintering temperature and the difference in the type of SiAlON powder used on the mechanical properties of the sintered body were investigated. The results are summarized as follows:
(1) α-SiAlON partially transformed into β-SiAlON during the SPS, and the fraction of the β-SiAlON increased with increasing sintering temperature. The α to β transformation ratio is higher for Y-α-SiAlON than for Ca-α-SiAlON.
(2) The hardness of the consolidated bulk exhibited a maximum at 1350 C in both Y-α-SiAlON and Ca-α-SiAlON.
(3) The fracture toughness of the consolidated bulk tended to increase with temperature for both α-SiAlONs. Y-α-SiAlON always exhibited a greater toughness than Ca-α-SiAlON.
(4) The sintered body made from Y-α-SiAlON powder had a mixture of equiaxed α-SiAlON and elongated β-SiAlON grains, while the sintered body made from β-SiAlON powder contained equiaxed β-SiAlON grains. The structure of this mixture resulted in a greater hardness and a more improved fracture toughness.
